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Foreword 
 
 
This project is born from my personal motivation to learn about the nowadays most 
used method to install wind turbines at sea: the monopile foundation. Julio García had 
already proposed this project so I had found the director. Then the subject of the study 
was made more specific. Since the wind turbine and its tower is built by a 
manufacturer, the project is centred about designing and calculating the viability of 
the monopile foundation. 
 
This foundation method for offshore wind turbines is suitable for water depths up to 
30 meters. These foundations contain pile-sleeve connections that basically consist of 
two concentric steel pipes cast together by means of high strength concrete. The 
statutory construction and documentation procedures for such connections are 
standardized by e.g. Det Norske Veritas (DNV). It is observed that the design formulae 
in the relevant DNV standard are established for the vertical load transfer in the 
connection only. So far, this standard refers to Finite Element Analyses (FEA) and 
experimental methods in order to account for the horizontal load transfer. This 
attempt is carried out by performing analytical 3D analysis based on continuum 
mechanics, which is compared to a corresponding numerical analysis by means of 
FEM.  
 
To design the foundation it is necessary to know the loads it actually has to resist. This 
can only be achieved by determining one wind turbine and defining then the 
environment in which it would operate. The localization also affects the type of soil in 
which the monopile is casted. 
 
The literature referencing throughout the report is given in the reference list. All 
program codes, Computer Aided Design (CAD) models, as well as a digital copy of the 
report are enclosed on a Compact Disc (CD), attached at the back of this report. 
References to material enclosed on the CD are also detailed in the reference list. 
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Text Arrangement 
 
 
Introduction 
The general background of the foundation method and considerations for offshore 
wind turbines is introduced in this chapter. Subsequently, the overall problem 
presentation is given, leading to the governing problem statement to be addressed. The 
chapter is completed by introducing several simplifications and limitations, in order to 
reduce the complexity of the structure to be analyzed. 
 
The Wind Turbine 
The goal of this chapter is to define the wind turbine that will be used to calculate the 
loads the foundation has to resist. Selection criteria for that model and data such as 
sizes materials and other relevant information are listed here. 
 
Emplacement 
This chapter provides detailed descriptions of the geological, oceanographic and 
climatic conditions of the offshore New Jersey study area. The geological material 
addresses sea bottom and subsurface conditions relevant to project sitting and to wind 
turbine foundation design. Physical oceanography, which includes such 
characteristics as water depth, tides, and waves, provides load parameters for the 
engineering of wind turbine towers and foundations. Climatology describes both the 
weather patterns and the wind resource of the project area.  
 
Loads 
The objective of this chapter is to determine the loads the environment causes on the 
monopile wind turbine. This is done following the recommendations and standards of 
DNV. This chapter is divided in two parts, the first one for calculating the loads the 
wind causes, and the second one for the waves loads. First are described the formulas 
that will be used to calculate the loads. All necessary and complementary information 
such as tables are gathered here. Loads are calculated by two different means: 
analytically and virtually. 
 
The Grouted Connection 
The first element to be designed is the necessary size of the grout connection used to 
join the two steel sleeves that form the foundation. The vertical length of the grout 
joint determines the size of the transition piece. That is why it is the first element to be 
designed. At this point the load of the weight of the transition piece is not yet 
calculated but can be estimated using available data. The steps done to calculate the 
dimensions of the grouted connection are listed as done in chapter 4: first the used 
formulas are explained and then used. At last the grout is analysed under the most 
severe load conditions. 
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Transition Piece 
In this chapter the transition piece is designed. The shape is quite simple: a cylinder. 
The thickness of the shells and any reinforcement used is explained here. Since it is a 
structural design pipelines, cables and access door are not designed. The geometry is 
described here. As done with the grout connection the transition piece is analyzed 
using FEM software to verify it can handle the loads under the most extreme sea 
conditions. 
 
Monopile 
The last element that forms the foundation is detailed in this chapter. It‟s geometry is 
described and then is put under the most severe predicted load conditions to check it 
does not collapse. 
 
Foundation 
The aim of this chapter is to verify the monopile is driven enough distance into the 
soil. The interaction between the monopile and the soil is analyzed in order to 
calculate the distance the soil would cede to the monopile under the greatest load 
conditions. This is done assuming the soil behaves like springs that can cede some 
distance. 
 
Loads Analysis 
The last chapter is dedicated to analyze the whole structure under the different 
considered load conditions. This is done using FEM software. The results of the 
analysis are presented graphically and together with a numerical results reference 
table. 
 
 Conclusions 
The final remarks are presented and the overall conclusion for the methodology 
applied in the project is drawn in this chapter.  
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Symbols 
 
LATIN CHARACTERS 
 
 = axial flow induction factor, which is 
taken as 1/3 
a = acceleration 
c = speed 
d = depth (m) 
 = characteristic resistance of grout 
= breaking stress of shear connector‟s 
steel 
= limiting unit skin friction, as given in 
table 8.1.1, = 81 kPa 
h = wave height  
 = shear connector‟s length 
k = initial modulus of subgrade reaction, 
determined in Ill. 8.2, k = 22 
MPa/m 
n = quantity of shear connectors 
= soil compactness coefficient, for 
medium density sand taken as 3000 
(kPa/m) 
= effective overburden pressure at the 
point in question 
= ultimate resistance at depth H (kN/m) 
= shallow ultimate resistance (kN/m) 
= deep ultimate resistance (kN/m) 
q = basic wind pressure or suction  
 
= limiting unit end resistance, as given 
in table 8.1.1,  = 4,8 MPa 
y = actual lateral pile deflection (mm) 
 = effective unit weight of soil (kN/ , 
taken as 19,62 kN/  
z = height 
A = Coefficient, 0,9 for cyclic loading 
C = shape coefficient, for cylinders it is 0,4 
 = blades shape coefficient which is 
taken as 0,1 
= drag coefficient 
 = inertia coefficient 
 = coefficients from Ill. 8.2.2 as 
function of φ‟, 
 
D = average diameter 
 = grout‟s elasticity modulus 
ESS = Extreme Sea State 
F = force, sub index indicates the cause of 
that force 
H = height 
K = spring constant representative of the 
soil 
KL = coefficient of lateral earth pressure, 
taken as 0,8 for open-ended piles 
KC = Keulegan-Carpenter 
L = considered length of the pile 
LSS = Low Speed Shaft, rotor 
= bearing capacity factor as given in 
table 8.1.1, = 20 
 = shear strength of the shear 
connector 
Re = Reynolds number 
S = surface 
 = rotor‟s projected swept area 
T = period 
U = wind speed 
= wind speed in a 50 years return 
period 
ULS = Ultimate Limit State 
X = depth below soil level (m) 
 = depth below soil surface at which the 
center of the considered length of 
the pile is 
WT = Wind Turbine 
 
 
GREEK CHARACTERS 
 
δ = angle of soil friction on the pile wall as 
given in table 8.1.1, δ = 25º 
λ = wave length 
ν = kinematic viscosity of seawater 
ρ = density, sub index indicates to which 
substance corresponds 
φ‟ = angle of internal friction of sand 
(degrees), φ‟ = 35º 
ψ = wake amplification factor 
ω = angular speed 
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1. Introduction 
 
Wind energy generation by means of wind turbines has proven to be of great value for 
large scale future investment in the energy industries worldwide. A constant search 
for greater wind potential has pushed the industry from onshore towards offshore 
solutions with superior wind conditions. Aiming for more effective wind conditions 
corresponds to seeking for more remote offshore sites and consequently higher sea 
depths. Installing the wind turbines at such depths involves high stakes and high 
expenses, both from the financial and the engineering point of view. Nonetheless, 
several different foundation structures for various sea depths and soil conditions have 
been proposed for the offshore wind turbines. Among many excellent proposals for 
water depths up to 30 m, one specific foundation type has proven its effectiveness 
considering both the structural simplicity, manufacturing and installation expenses. 
This type of foundation is known as monopile foundation. One of the biggest offshore 
wind farms with 80 Vestas 2 MW wind turbines is Horns Rev near Esbjerg, DK, where 
all turbines are founded on such monopiles. Furthermore, around 75 % of all 
installations to date are founded on monopiles. 
 
Prior to a more precise problem presentation, different types of foundations and some 
of the governing factors that the designer should account for are compared and 
introduced in the following section, respectively. Subsequently, the monopile 
foundation is characterized in detail in order to enlighten the problem treated in the 
remainder of this report. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Design and Calculus of the Foundation Structure of an Offshore Monopile Wind Turbine  
 
 2 
 
 
1.1 FOUNDATION OF OFFSHORE WIND TURBINES 
 
One of the major problems encountered in relation to offshore wind turbine 
foundations is the connection of the structure to the ground and in particular how the 
loads applied to the structure should safely be transferred to the surrounding soil. 
Furthermore, both offshore wind turbines and their foundation structures must be 
more reliable than onshore due to higher service and repair costs at such sites. As 
stated earlier, several different solutions have been developed for different water 
depths, all of which meet these criteria. The main concepts are illustrated in 
illustrations1.1 and 1.2. 
 
 
 
Ill. 1.1 - Foundation structure characterization for offshore wind turbines  
 
As illustrated in Figure 1.1, water depth is one of the driving variables for the design 
of offshore foundation structures. Locations with shallow waters reaching up to 30 m 
depth allow for relatively simple structures with no need for specific reinforcements, 
as depicted. Exceeding this depth towards transitional depths up to 50 m introduces 
larger stability problems due to greater tidal and wave effects, demanding more 
sophisticated solutions. Finally, founding structures directly to the seabed at depths 
above 50 m is both costly and impractical, which is why several floating solutions 
have been proposed that rely on buoyancy of the structure to resist overturning. One 
disadvantage in these is the floating motion which raises additional dynamic loads to 
the structure. Thus, in despite of the larger wind potential at such depths far from 
shore, these solutions are still under development and mostly on the prototype basis.  
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Ill. 1.2 – Floating support structures  
 
 
Consequently, foundations at shallow and transitional water depths are used in most 
of the offshore wind projects to date. Some of the different structures used at these 
locations are depicted in Figure 1-3 and subsequently briefly reviewed. 
 
 
 
 
 
 
 
 
 
Ill. 1.3 - Typical structures for shallow (first and second) and transitional (third 
and fourth) water depths. 
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1.2GENERAL DESIGN CHOICE CONSIDERATIONS 
 
Choosing the appropriate design from the previously reviewed foundation structures 
could be assisted by considering the following overall design inputs: 
 
• Water depth and soil conditions to determine the appropriate foundation structures, 
as well as if reinforcement is needed 
• Turbine loads and wave loads to determine the overall size of the structure and the 
extent of reinforcement 
• Manufacturing and installation demands based on statutory requirements and 
expected lifetime 
 
In addition to the abovementioned, the economic perspective must be considered as 
well. Offshore wind farms are in general more expensive than onshore farms due to 
foundation costs, access difficulties, water depths, weather delays, and corrosion 
protection requirements. Nevertheless, offshore wind farms offer up to 40 % more 
energy potential due to higher wind speeds and less turbulence which 
counterbalances the investment costs. Furthermore, the public opinion is no less 
important. It has often played a role for site locations near shore, as improper designs 
could interfere with the surrounding ambient. The visual impact that the turbines 
have on the horizon is important, as e.g. 64 m tall turbine is visible above the horizon 
almost 40 km away. Additionally, beacons may be required to alert airlines and ships 
at night. 
Consequently, the choice of the foundation design has to be considered from many 
aspects, but both the public opinion and investment costs agree with simple and 
discrete foundation structures. It is conspicuous that the monopile foundation 
structure in Figure 1-2 appears quite simple compared to the other designs. This is 
also the reason for its popularity in the majority of projects located at water depths up 
to 30. The certification company DNV covers the technical documentation for such 
structures with a set of design rules given in DNV standards like Design of Offshore 
Wind Turbine Structures. Detailed elaboration of a monopile foundation and the 
overall design criteria according to this standard are given in the next section.  
 
 
1.3 MONOPILE FOUNDATION STRUCTURE 
 
Monopile foundations have been used for offshore oil and gas platform foundation for 
decades. In this context, they are known as pile-sleeve connections. A pile-sleeve 
connection consists of a sleeve mounted concentrically on a pile that is driven into the 
seabed, with the larger diameter sleeve placed around the smaller diameter pile 
forming annuli between them. The connection is finally fixed by filling these annuli 
with specially developed grout that settles into high strength concrete. This technology 
has been transferred to the offshore wind turbines by utilizing the improved 
properties of the reinforced grout. The sleeve related to wind turbines is also known as 
transition piece, as it joins the wind turbine tower to the pile. An illustration of the  
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grouted connection concept, as well as images of an installed structure is shown in 
Figure 1-4. 
 
The pre-fabricated transition piece in Figure 1-4 is usually embracing the pile, 
although the opposite is possible, but impractical for mounting external equipment 
such as ladder and cables. Additionally, the tolerances that occur during pile driving 
or drilling are accounted for during transition piece installation, which ensures 
adjustment of both horizontal and vertical inaccuracies. Adjustment of verticality is 
done by e.g. a pump connected to hydraulic adjustment cylinders mounted on the 
inside of the transition piece. The grout is pumped through flexible hoses or by hand 
pumping into the annuli and trapped at the bottom of the transition piece by specially 
developed rubber seals, mounted on the inside of the transition piece. The monopile 
foundation is divided into two regions. The substructure is the structure between the 
wind turbine tower and seabed, while the actual foundation is the remaining 
structure that penetrates the seabed, as shown in Figure 1-4. Advantages for the 
monopile foundations include minimal seabed preparation requirements, resistance to 
seabed movement and scour, and relatively inexpensive production costs due to the 
simplicity of the structure. The disadvantages are substructure flexibility at greater 
depths, expensive and time consuming installation due to time the grout needs to set, 
and decreased stiffness relative to other foundation types. 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 1.4 – Monopile Foundation overview 
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1.4 MAIN EFFECTS IN GROUTED CONNECTIONS 
 
The limiting design condition in the monopile foundations is the overall deflection and 
vibration during loading. For this reason, typical monopiles with no lateral support 
are suitable for water depths up to 30 m, while supported monopiles are suitable for 
depths up to 40 m, and are better suited for inhomogeneous soils. Furthermore, 
monopile foundations should generally be avoided in deep soft soils due to the 
required length of the foundation pile. 
During the grout casting process, no particular adhesion between the grout and steel 
surfaces can be achieved. The fixation of the pile and transition piece by means of 
grout is obtained by the static friction due to the surface roughness of the contact 
areas. So far, the mathematical models are calibrated to experimental models with a 
transition piece of 1 m in diameter and grit blasted steel surface, from which a static 
coefficient of friction in the grout-steel interface of μ = 0.4 to 0.6 has been obtained. 
These scaled models correspond to a connection 5 times smaller than a typical one 
used for a 2 MW wind turbine, as exemplified in section 1.3. The experimental 
correction- and friction coefficients in design formulas based on these scaled models 
are possibly out of range when dealing with a full scale structure. This could be 
inspected by full scale models, but has not been preformed so far due to high expenses 
and practical issues. Nevertheless, the scaled models are probably well suited in order 
to draw conclusions about the overall behaviour of the connection subjected to 
different loadings. However, these results should not be directly transferred to full 
scale models but treated very precautiously, due to the rough effects discussed 
previously. 
 
 
1.5 DESIGN CRITERIA ACCORDING TO DNV 
 
The DNV standard OS-J101, 2009 covers a set of state-of-the-art design rules 
required to be fulfilled in order to achieve a complete certification and approval of an 
offshore wind turbine structure. This includes wind turbine, substructure and 
foundation in Figure 1-3 and site-specific approval of wind turbine structure, 
comprising the three aforementioned parts. Some of the main technical tasks to be 
considered in the structural analysis, according to the standard, are outlined below. 
 
Design criteria comprise: 
• Environmental forces, operational forces and dead weight 
• Structural materials and surface corrosion protection of metallic structural parts 
• Fatigue analysis due to an operation period of usually 20-30 years 
• Penetration length of the foundation pile as a function of its diameter and thickness 
(considering the impact force of the forging hammer and the shear reaction of the 
soil) 
• Effects of the soil reaction to the loads transmitted by foundation piles 
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Site characteristics comprise: 
• Seabed characteristics, such as stratographic description, bearing capacity of the soil, 
depth and slope of the sea bed 
• Wind / sea actions such as wind speed and direction at specific height, height of the 
waves at the site, peak period, deep currents and scouring effects 
• Effects produced by the wind turbine on the supporting structure comprising 
bending moments, shear forces, vertical and torsion forces  
 
In addition to the technical tasks outlined above, the strength of a grouted connection 
may also depend on the following factors according to Clause A104 in DNV-OS-J101, 
2007: 
• Grout strength and modulus of elasticity 
• Tubular and grout annulus geometries 
• Application of mechanical shear keys 
• Grouted length to pile diameter ratio 
• Surface conditions of tubular surfaces in contact with grout 
• Grout shrinkage or expansion 
• Load history (mean stress level, stress ranges) 
 
For these reasons a considerable number of tasks must be taken into account when 
analyzing monopile foundation structures involving grouted connections.  
 
 
1.6 PROBLEM PRESENTATION 
 
The overall characterization of monopile foundations including the general tasks the 
designer should account for in grouted connections are presented in the previous 
section. A guidance note from DNV- OS-J101, 2009, clause A201, is quoted below: 
 
“Long experience with connections subjected to axial load in combination with torque 
exists, and parametric formulae have been established for design of connection 
subjected to this type of loading. For connections subjected to bending moment and 
shear force, no parametric design formulae have yet been established. Therefore, 
detailed investigations must be carried out for such connections.” 
 
The guidance note also states that it may be conservative to assume that axial load and 
bending moment do not interact. If considering offshore oil/gas platforms founded by 
grouted connections, these predominantly expose the connections to axial loading. In 
addition, this makes use of mechanical shear keys quite evident to transfer the axial 
loads properly. However, the governing load from wind turbines is the overturning 
moment due to wind loading, which does not necessarily require use of shear keys in 
the connection. Consequently, splitting the loads and evaluating their effects in the 
connection separately may be conservative but also reasonable.  
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As stated by the former part of the quote, the parametric formulae for axial, i.e. 
vertical, and torsion load transfer are well known, which describe the stress state in 
the connection. Nevertheless, it is rather the latter part of the quote that appears more 
conspicuous, stating that no parametric formulae have been established for horizontal 
load transfer. On account of this part, a Finite Element Method study will be 
conducted. 
 
The problem statement to be addressed in this report is: 
 
- Pre-dimensioning of a monopile foundation for a determined offshore wind turbine 
- Strength analysis, based on analytical formulae 
- Verification of the previous dimensioning by means of a virtual Finite Element Model 
 
In order to address the problems stated above, several initial simplifications and 
restrictions are made. 
 
These are elaborated in the following subsection. 
 
 
1.7 SIMPLIFICATIONS, ASSUMPTIONS AND RESTRICTIONS 
 
The many technical tasks involved in constructing monopile foundation structures are 
much more sophisticated and complex in reality than exact mathematical models can 
describe. Consequently, simplified solution procedures and thereby approximated 
results must be accepted. Nowadays, many designers might state that the best way of 
modeling such real system is by discretizing it into a Finite Element Model to obtain 
numerical results. However, large and complicated systems usually require large 
number of elements, which demands large computer capacities. Although the 
computer capacities have been increasing rapidly, there is still a long way to go if 
desiring to solve such large models in a matter of seconds or minutes and not hours or 
days. For this reason, even discretized models need additional simplifications in order 
to obtain numerical results within reasonable and affordable time span. The same is 
necessary for analytical models in order to obtain well-arranged and manageable 
results on limited number of pages. In general, simplifying a model basically 
corresponds to reducing the number of state variables and parameters of the real 
system. However, every simplification must be well posed and argued in order to 
preserve a reazonable accuracy of the system to be analyzed.  
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With respect to the three main elements in the 
overall structure, i.e. the pile, transition piece 
and the grout, the following simplifications 
and assumptions are presumed: 
 
• All external equipment, such as work 
platform, cables and ladders, welded or bolted 
to the structure, are not a structural part and 
are omitted.  
 
• The two pipes and the grout filling the annuli 
shall be taken as concentric and cylindrical 
geometries with no significant surface 
irregularities, i.e. smooth and homogeneous 
contact surfaces are assumed. Thus, the effect 
of shear-keys will not be treated. 
 
• Contact effects, such as friction, are 
disregarded and the grout is initially taken as 
linear and isotropic continuous material. The 
grout will be treated as linearly elastic 
material with the compressive strength, 
modulus of elasticity, Poisson‟s ratio and 
density taken for Ducorit® D4 
 
• Once the loads on the wind turbine are 
calculated, the structure above the transition 
piece is omitted. 
 
Additional assumptions and simplifications 
will be made when necessary in the report. 
However, the most essential ones have been 
presented and will be put to use in the 
analytical approach, carried out in the 
following chapter. 
 
  
Ill. 1.6.1 – Monopile Wind 
Turbines 
Design and Calculus of the Foundation Structure of an Offshore Monopile Wind Turbine  
 
 10 
 
 
2. The Wind Turbine 
 
 
The chosen wind turbine is the NREL offshore 5-MW baseline wind turbine. It is a 
virtual design, created to establish detailed specifications of a large offshore wind 
turbine that is representative of nowadays constructive standards and is suitable for 
posterior deployment in shallow and deep waters. It is designed after the REpower 
5M, due to the easiness of gathering data from that turbine and because it has more 
conventional and expected properties compared to others projects. The reason to 
choose the NREL 5MW was that its specifications are public available, and its nominal 
rated power and size is alike to those being built today. 
 
Table 2.1 - Wind Turbine Main Parameters                                                                          
Rating  5 MW 
Rotor Orientation, Configuration  Upwind, 3 Blades 
Control  Variable Speed, Collective Pitch 
Drivetrain  High Speed, Multiple-Stage Gearbox 
Rotor 126 m 
Hub Diameter 3 m 
Hub Height  90 m 
Cut-In, Rated, Cut-Out Wind Speed  3 m/s, 11.4 m/s, 25 m/s 
Cut-In, Rated Rotor Speed  6.9 rpm, 12.1 rpm 
Rated Tip Speed  80 m/s 
Overhang, Shaft Tilt, Precone  5 m, 5º, 2.5º 
Rotor Mass  110,000 kg 
Coordinate Location of Overall Center of Mass   (-0.2 m, 0.0 m, 64.0 m) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 2.1 - Six REpower 5M units being installed in Thronton Bank wind farm, 
Belgium 
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Ill. 2.2 - Tower-base 
coordinate system 
 
 
2.1 CLARIFICATIONS 
 
Some considerations must be taken into account. These 
directions will be followed throughout the project: 
 
The x-axis of this coordinate system is directed nominally 
downwind, the y axis is  directed transverse to the nominal 
wind direction, and the z-axis is directed vertically from the 
tower base to the yaw bearing. 
 
The actual REpower 5M wind turbine uses blades with built-in 
prebend as a means of increasing tower clearance without a 
large rotor overhang.  Because many of the available simulation 
tools and design codes cannot support blades with built-in 
prebend, NREL chose a 2.5°-upwind precone in the  baseline 
wind turbine to represent the smaller amount of precone and 
larger amount of prebend that are built into the actual REpower 
5M machine. 
 
The rotor diameter indicated in Table 2.1 ignores the effect of 
blade precone, which reduces the actual diameter and swept 
area.  The exact rotor diameter in the turbine specifications 
(assuming that the blades are undeflected) is actually (126 m) × 
cos(2.5°) = 125.88 m, and the actual swept area is (π/4) × 
( = 12,445.3 m2. 
This calculated swept area is usable when the wind turbine is 
operating at low wind speeds. 
 
But since once operating the rotor blades will suffer a little 
deflection, it is closer to reality to consider that the actual length of 
the blades is of 126m. 
 
The material of the tower is considered to be generic steel, as shown 
in table 2.2.3 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 2.3 
Blade Precone Sketch 
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2.2 WIND TURBINE CHARACTERISTICS  
 
Table 2.2.1 - Undistributed Blade Structural Properties 
Length (w.r.t. Root Along Preconed Axis) 61.5 m 
Mass Scaling Factor  4.536 % 
Overall (Integrated) Mass  17,740 kg 
Second Mass Moment of Inertia (w.r.t. Root)  11,776,047 kg•m2 
First Mass Moment of Inertia (w.r.t. Root)  363,231 kg•m 
CM Location (w.r.t. Root along Preconed Axis)  20.475 m 
Structural-Damping Ratio (All Modes)  0.477465 % 
 
 
Table 2.2.2 - Nacelle and Hub Properties 
Elevation of Yaw Bearing above Ground  87.6 m 
Vertical Distance along Yaw Axis from Yaw Bearing to 
Shaft  
1.96256 m 
Distance along Shaft from Hub Center to Yaw Axis  5.01910 m 
Distance along Shaft from Hub Center to Main Bearing  1.912 m 
Hub Mass  56,780 kg 
Hub Inertia about Low-Speed Shaft  115,926 kg•m2 
Nacelle Mass  240,000 kg 
Nacelle Inertia about Yaw Axis  2,607,890 kg•m2 
Nacelle CM Location Downwind of Yaw Axis  1.9 m 
Nacelle CM Location above Yaw Bearing  1.75 m 
Equivalent Nacelle-Yaw-Actuator Linear-Spring 
Constant  
9,028,320,000 N•m/rad 
Equivalent Nacelle-Yaw-Actuator Linear-Damping 
Constant  
19,160,000 N•m/(rad/s) 
Nominal Nacelle-Yaw Rate  0.3 º/s 
 
 
Table 2.2.3 - Undistributed Tower Properties 
Height above Ground  87.6 m 
Overall (Integrated) Mass  347,460 kg 
CM Location (w.r.t. Ground along Tower Centerline)  38.234 m 
Structural-Damping Ratio (All Modes)  1 % 
Outer Base Diameter 6m 
Thickness at Base 0.027m 
Outer Top Diameter 3.87m 
Thickness at Top 0.019 
Young‟s Modulus (E) 210GPa 
Shear Modulus (G) 80.8GPa 
Steel Density (effective) 8500kg/m3 
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The density of 8,500 kg/m3 was meant to be an increase above steel‟s typical value of 
7,850 kg/m3 to account for paint, bolts, welds, and flanges that are not accounted for 
in the tower thickness data.  The radius and thickness of the tower were assumed to be 
linearly tapered from the tower base to tower top. 
 
 
2.3 GREEN POWER 
 
The production of 5MW of electricity by means of this wind turbine would prevent 
from using fossil fuels to obtain electricity. This is its main attraction to use them 
instead of thermal power plants using non renewable resources. On the other hand 
electricity obtained from wind turbines is a little more expensive compared to their 
polluting counterparts. But that disadvantage is just a motivation to keep on 
investigating and developing new and more efficient wind turbines. 
 
The following table shows the amount of  that is produce by means of fossil fuels 
to produce the same power as this wind turbine. It is assumed they are burned in a 
power plant with an efficiency of 40%. This is a quite high value and for some cycles 
of gas can be even a little higher. Since it is just for a quick comparison this 
inaccuracy is irrelevant. 
  
TABLE 2.3 -  PRODUCED BY FOSSIL FUELS 
Fuel Kg/h of  emissions to produce 5.000 MW 
Natural Gas 2.200 
Fuel Oil 3.550 
Biomass 4.250 
Coal 7.250 
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3. The Emplacement 
 
 
Ill. 3.1 – Emplacement Area Overview 
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The wind turbine is to be emplaced in the New Jersey Offshore area. The reason to 
choose this site instead of others was the availability of public data. The main source 
of information is a feasibility study conducted by the Atlantic Renewable Energy 
Corporation. 
 
In this area is now being built a wind farm. This demonstrates the feasibility of the site 
to install a wind turbine. 
 
Tides are one of the driving components of currents along the New Jersey Shore. The 
effect is greatest near coastal inlets and can be felt up to a kilometer from the shore. 
Since the turbine is located farer that a kilometer from shore the effect of tides is not 
considered.  
 
The wind turbine is to be located around 39º 15’N – 74º 15’W. This area can be seen in 
illustration 3.1. The average depth in that region is 20m, about 65ft. Depth reference can be 
seen in illustration 3.3.2. 
 
 
3.1 WINDS 
 
All the measurements were taken at Station 44012. This buoy is owned and 
maintained by National Data Buoy Center of the USA. All data obtained from the buoy 
is administered by the National Weather Service of the USA.  Wind speed was 
measured at a height of 13,8m above sea level. The annual average wind speed at 70 
m above the surface ranges from 7.0 m/s to 9.0 m/s throughout most of the offshore 
New Jersey‟s area, with the resource generally improving to the south and east. Wind 
speeds tend to be higher during cold periods because of extratropical cyclone activity 
and stronger pressure gradients. 
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Table 3.1.1 – Average Wind Speed 
 
Through the year average wind speed = 12,41knot = 6,38 m/s 
Maximal measured wind speed = 47knot = 23,97 m/s 
 
 
Table 3.1.2 – Peak Wind Gust 
 
Average wind gust through the year = 16knot = 8,16m/s 
Average peak wind gust through the year = 48,41 = 24,69m/s 
Maximal measured wind peak = 58knot = 29,58m/s 
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3.2 WAVES 
 
Waves were measured as well at station 44012.  
Waves off the New Jersey coast are composed of the combination of short 
period/wavelength local wind-generated waves and longer period/wavelength swells 
propagating from the open North Atlantic Ocean. The predominant swell direction in 
the study area is the southeast. 
 
 
Table 3.1.3 – Significant Wave Height 
 
Average wave height through the year = 1m 
Maximal measured wave height = 8,4m 
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Table 3.1.4 – Average Wave Period 
 
Average wave period through the year = 5,55s 
Measured wave period when maximal wave height = 10,5s 
 
 
 
Table 3.1.5 – Dominant Wave Period 
 
Maximal measured wave period = 25s 
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Ill. 3.2.1 - Buoy Station 44012 emplacement: 38,80N 74,60W 
Ill. 3.1.1 – Buoy Station 44012 
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3.2 CURRENTS 
 
Currents drive sediment transport and foundation scouring. They can also affect sea 
bottom characteristics and vessel motion during installation.  
There are five primary components to the currents in the study area:  
1. The north Gulf Stream countercurrent. 
2. Wind generated near-surface currents. 
3. A swell and surf generated longshore current.  
4. Swell and surf generated rip currents, which counteract the net transport of 
water toward the beach.  
5. Tidal currents are most important in the vicinity of the numerous inlet 
channels. Flow is along the axis of the channels in and out of the inlets, roughly 
perpendicular to the coastline.  
 
The maximum predicted tidal current speed at The Narrows is 2.7 knots and at the 
Delaware Bay Entrance it is 1.9 knots.  
At high see the current speed has not been measured. For this reason the maximal 
predicted current speed in the area is used for the strength calculations. 
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3.3 BATHYMETRY 
 
An area‟s water depth has a direct impact on the design and construction of turbine 
foundations; installation costs can increase sharply with water depth. Illustration 
3.3.1 provides an overview of New Jersey‟s coastal water bathymetry. The continental 
shelf extends approximately 75 nautical miles from the shore and provides water 
depths shallower than 100 ft up to 12 nautical miles from shore. 
 
Tables 3.2 and 3.3 summarize the bathymetric characteristics of the study region. 
Table 3.2 gives a breakdown of the area by 10 ft depth interval. The average distance 
from shore of three significant depth contours is shown in Table 3.3. 
 
Table 3.3.1 Bathymetry Distribution 
Depth Bin (ft)  
Area (nm
2
)  
0 – 10  278  
10 – 20  123  
20 – 30  119  
30 – 40  146  
40 – 50  222  
50 – 60  274  
60 – 70  315  
70 – 80  331  
80 – 90  366  
90 – 100  276  
> 100  15  
Total  2465  
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Ill. 3.3.2 – New Jersey‟s Coast Bathymetry  
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3.4 STRATIGRAPHY 
 
Stratigraphic information for the coastal and offshore shelf areas of New Jersey comes 
mainly from the New Jersey Coastal Plain Drilling Project and the New Jersey Sea-level 
Transect projects. As part of this program four boreholes were drilled along New 
Jersey„s coast, one at Island Beach, one at Atlantic City, one at Cape May, and one at 
Ocean View. Figure 3.3 shows a correlation of these formations across three boreholes 
from the Cape May site to the Island Beach site. 
 
Ill. 3.4.1 - Comparison of lithographic units, sequences, and chronostatigraphic 
units at Island Beach, Atlantic City, and Cape May  
 
The surficial units (7-78 ft) consisting of unconsolidated sands, silts, clays, and 
gravels containing lignite and shell layers are shown in Figure 3.4.2.  
The interval from 7 ft to 39 ft is primarily medium to coarse sand containing shells. 
There is a facies change between 39 and 43 ft with sands lying above a fining-upward 
succession of pebbly coarse sands to sandy muds (43-51 ft). From 40 to 70 ft, there 
are two upward-fining successions from pebbly very coarse sand to sandy clays (40-
51 and 51-70 ft), with surfaces separating the successions at 51 and 70 ft. A basal 
coarse gravel at 76 ft becomes fines upsection and is capped by a sulfide-rich clay at 
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70 ft. A distinct facies break from gravels above to stiff clays below occurs between 76 
ft and 78 ft. The 427 ft thick Kirkwood Formation consists of successions of 
unconsolidated silty clay overlain by sands. As a simplification, it is assumed that the 
terrain is homogeneously conformed by coarse sand-silt of medium density. The sandy 
soil has the following propierties: 
- Density = 2000 kg/  
- Young Modulus = 50MPa 
  
Ill. 3.4.2 - Cape May Formation lithostagraphy, sequences, and New Jersey 
Geological Survey (NJGS) gamma log  
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3.5 WEATHER EXTREMES 
 
Such events can incur prolonged, extreme loads on turbines, foundations and other 
components. Significant hydrodynamic loading during storms may necessitate 
stronger foundations and towers. Storms also generate increased currents and 
sediment transport, affecting seabed characteristics and foundation design. 
Based on available data, the most potent extratropical storm to occur during the past 
22 years occurred 11-12 December 1992. During the storm, winds at Ambrose Light 
Station gusted to over 40 m/s. The average significant wave height was recorded at 
7.3 m. At Buoy 44025 (about 35 miles offshore), average significant wave heights 
greater than 9 m were observed. 
Tropical cyclones occasionally affect the offshore region during the warmer months. 
Over the past 50 years, 28 tropical cyclones have affected New Jersey. Of the 28 
storms, only 10 were hurricanes (2 intense) at their time of closest approach to 
Atlantic City. 
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4. Loads 
 
The structure must resist the loads of its self-weight and the loads the environment 
produces. The weight depends of the environmental loads because that loads 
determine the structure thickness. For this reason first of all an estimation of the loads 
caused by the climatology will be done. The results will show the strength the 
monopile has to resist and thus will allow establishing the size and thickness of the 
monopile. 
 
All possible loads are divided as recommended by DNV into permanent and variable 
loads. Further definitions are explained below. 
 
First off all the formulas that will be used to calculate the loads are presented, and 
then the results are given in a table format to have a general overview of all loads. As 
a reminder, all meaning of used symbols are stated at the beginning of this final 
degree project. 
 
Ill. 4.1 - 2D visualization of the turbine wake 
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4.1 PERMANENT LOADS 
 
The permanent load is the mass of the wind turbine structure. As stated in chapter 2, 
the overall weight of the wind turbine is 754.240 kg.  
In this state, the self weight of the transition piece, the grout and the monopile is 
ignored. When designing the foundation it will be taken into account. 
 
 
4.2 VARIABLE LOADS 
 
In this section the forces that may vary or act just punctually are calculated. Those are 
climatic forces and collision forces from other ships. The case of collision is not 
considered in this study because it is assumed ships will prevent from navigate within 
a wind farm. 
 
Other possible load is from ice. But since in the region there is any prevision for 
icebergs neither freezing of the sea, it is not considered as a possible load. 
 
To prevent from future extreme storms and climatic conditions, a return period of 50 
years is defined. This represents the maximal probabilistic wind speed that can be 
given in a region. 
For wind speed within a return period of 50 years the following expression is used: 
 
 
 
For waves, the maximal measured wave height will be used as the maximal possible 
wave height. Since in the region have already taken place hurricanes and 
extratropical storms, it is not wrong to consider the wave height in a return period of 
50 years as the same as the maximal registered. Any clearance is made where 
necessary. 
 
 
4.2.1 ANALYTIC DEFINITION OF VARIABLE LOADS 
 
4.2.1.1WIND 
 
Wind creates a direct force on the turbine wind structure.  Centrifugal forces from the 
turning of the rotor and vibrations are produced. Those forces are transmitted to the 
foundations. In addition even in the most severe load cases the structure has to resist. 
This includes the structure not to bend more than its construction material can resist. 
 
The wind‟s speed varies depending on the distance from the surface. That is because 
the surface friction forces the surface wind to slow and turn near the surface of 
the Earth, blowing directly towards the low pressure, when compared to the winds in 
the nearly frictionless flow well above the Earth's surface. 
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To calculate the actual wind speed at the height of the nacelle or at any other height 
as recommended by DNV for offshore locations, the Frøya wind profile is used. The 
Frøya wind profile model is recommended also for extreme mean wind speeds 
corresponding to specified return periods in excess of approximately 50 years. 
 
Frøya wind profile for standard conditions: 
 
 
Frøya wind profile for extreme mean conditions and strong gusts: 
 
 
where  
 
 
 = measured wind speed at height H 
z = height above sea level at which calculate the wind speed  
 = 1 hour and T <  
U will have the same return period as  
 
 
4.2.1.2 FORCE ON THE ROTOR 
 
The force applied on the rotor by the wind can be approximated by the following 
formula.  
 
 
 
 
When wind speed exceeds 25m/s the rotor break actuates preventing the rotor from 
turning. This is done to avoid excessive loads on the structure. In this situation, with 
the blades stopped, the force actuating on the rotor can be calculated using the 
equation for drag force: 
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4.2.1.3 FORCE ON THE TOWER AND ON THE TRANSITION PIECE 
 
The wind force on a structural member or surface acting normal to the member axis 
or surface may be calculated according to: 
 
 
where 
S = projected area of the member normal to the direction of the force 
sinα = angle between the direction of the wind and the axis of the exposed member or 
surface. The most disfavourable wind direction in the horizontal plane is used when 
calculating the stresses in a member due to wind: sinα=1. 
 
 
4.2.2 WAVES AND CURRENT 
 
The waves affect only the transition piece, since it is located at sea level. This 
simplification is to apply to forces on a determinate point that will be located at 
normal sea level. 
 
Waves affect as cause of its own movement and also because they produce both inertia 
and drag forces. Wave forces on slender structural members, such as a cylinder 
submerged in water, can be predicted by Morison‟s equation, which is expressed as: 
 
 
 
where the first term is an inertia force and the second term is a drag force and 
D = structure diameter 
 
The drag and inertia coefficients are in general functions of the Reynolds number, the 
Keulegan-Carpenter number and the relative roughness. For a cylindrical structural 
member of diameter D, the Reynolds number is defined as: 
 
 
 
and the Keulegan-Carpenter number as: 
 
 
where  
T = intrinsic period of the waves 
 = maximum horizontal particle velocity at still water level 
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The drag coefficient  depends on CDS and on the KC number and is calculated as: 
 
 
 
wake amplification factor ψ can be read off from Figure 4.2.2 
 
 
KC 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                                                    
            
            
 
Ill. 4.2.2 - Wake amplification factor as function of KC number for smooth (solid 
line) and rough (dotted line) sea current  
 
 
The drag coefficient  for steady-state flow depends on the roughness of the surface 
of the structural member and may be taken as 
 
 
 
 
 
 
in which k is the surface roughness and D is the diameter of the structural member. 
For concrete and highly rusted steel, k = 0.003. 
 
For KC > 3, the inertia coefficient  can be taken as: 
 
 
For other KC values  is not described since are not applicable here. 
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4.3 CLIMATIC PARAMETERS 
 
To calculate the loads on the structure, first it is necessary to define at each situation 
the climatic parameters. 
 
To conduct a precise loads and structure strength study, DNV recommends to 
calculate the structure‟s reactions against different load situations.  The situations to 
consider are turbine start up, normal operative situation, turbine cut off and extreme 
sea state conditions for a return period of 50 years. All situations take into 
consideration two situations: average wind speed and maximal wind gust. Despite 
gusts affect just momentarily still is taken into account.  
 
First of all the climatic conditions when operating are shown. The wind speed 
measured almost at sea level must be recalculated to know the actual speed at 90m 
from surface. 
 
  Table 4.3.1 – Wind Speed and Conversion to 90m  
Height 13,80 m 90,00 m 
Design Situation U ( m/s) Gust (m/s) U (m/s) Gust (m/s) 
Start Up 
 
3 
 Normal Operative 6,38 24,69 8,02 27,44 
Shut Down 
 
25 
 Extreme Sea State 23,97 29,58 26,63 32,97 
Return- 50 years 
from ESS 33,56 41,41 37,48 46,42 
 
Start up wind speed at sea level is irrelevant. Like shut down speed, it is a design 
operating wind speed. That is why there is no data for gusts and low height wind 
speeds for that situations. 
 
Parameters of the waves are calculated from data shown in chapter 3 to be able to 
solve in following chapter the loads waves cause on the structure. 
 
Table 4.3.2 – Waves parameters 
Design Situation h (m) T (s) λ (m) ω (rad/s) c (m/s) a ( ) 
Average Wave 1,00 5,55 48,09 1,13 8,67 1,28 
ESS 8,40 10,50 172,13 0,60 16,39 3,01 
 
  
Design and Calculus of the Foundation Structure of an Offshore Monopile Wind Turbine  
 
 32 
 
 
4.4 ANALYTIC LOADS CALCULUS 
 
All loads have been calculated using the formulas presented previously in this chapter. 
The tower has the shape of a cone frustum, as can be observed in table 2.2.3 
 
Since the transition piece has the same diameter as the base of the tower, it is not 
accounted as an individual piece of the structure. The whole tower and transition 
piece structure is considered as cone frustum shaped. 
 
All the moments are referred to the base of the tower, which is at sea level. Moments 
generated by the waves are not calculated. Those are loads that are applied directly on 
the transition piece, which is designed in chapter 7. 
 
Here the results of the loads are shown in a table. Each Force and Moment is 
calculated for its relative climatic situation and for each element of the wind turbine. 
The first column of each element belongs to winds situations and the second one for 
gusts. 
 
 
Table 4.3.2.1 – Wind Force 
Design Situation Rotor (N) Tower (N) 
Start Up 61.031,47  1.541,93  
Normal Operative 436.063,96 1.723.343,92 11.016,94 
129.005,6
7 
Shut Down 1.430.425,02  107.078,42  
Extreme Sea State  1.622.874,09 2.487.536,46 121.484,72 
186.211,4
2 
50 years Return 
Period from ESS 3.215.005,61 4.932.116,10 240.668,13 
369.207,1
8 
 
Table 4.3.2.2 – Wind Momentums 
Design Situation Rotor (kN·m) Tower (kN·m) 
Start Up 5.492,83  69,39  
Normal Operative 39.245,76 155.100,95 495,76 5.805,26 
Shut Down 128.738,25  4.818,53  
Extreme Sea State  146.058,67 223.878,28 5.466,81 8.379,51 
50 years Return 
Period from ESS 289.350,51 443.890,45 10.830,07 16.614,32 
 
Table 4.3.2.3 – Waves Force 
Design Situation Inertia Force (N) Drag Force (N) Total Force (N) 
Average Wave 66.091,40 145.885,85 211.977,25 
 
Extreme Sea State 1.302.899,36 6.908.212,02 8.211.111,38 
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In the following section of this chapter the forces from wind and waves will be 
combined to represent the situations the whole structure has to face. 
 
 
4.5 VIRTUAL WIND LOADS CALCULUS USING FAST 
 
FAST is an aeroelastic design code for horizontal axis wind turbines. It is used to 
predict wind-turbine loads and responses. 
 
The code used to calculate the loads is the one for 5MW offshore monopile wind 
turbine. Any parameter has been changed from the original code. 
 
The nomenclature of the force is the used by the FAST code in order to allow an easier 
comparison with other calculations. 
 
Table 4.5.1 – Force on the Rotor 
Design Situation Start Up 
Normal 
Operative 
Shut 
Down 
Return- 50 
years 
U (m/s) 3 8,02 25 46,42 
LSS thrust force 180 490 1.370 4.020 kN 
NonRot Lss shear force y 1,0 4 1.070 1.510 kN 
NonRot Lss shear force z -1.070 -1.090 -1.100 -1.500 kN 
LSS torque 305 1.115 11.015 225.000 kN·m 
NonRot LSS Bending Moment Y 900 -920 1.850 34.000 kN·m 
NonRot LSS Bending Moment Z 30 110 1.700 27.000 kN·m 
Period - - 75 35 s 
 
 
Table 4.5.2 – Force on the Tower 
Design Situation Start Up 
Normal 
Operative 
Shut 
Down 
Return- 50 
years 
U (m/s) 3 8,02 25 46,42 
Aft shear force 84 370 1.260 4.000 kN 
Side shear force -2 -9 99 1.070 kN 
Tower Axial force -7.630 -7.700 -7.730 -5.090 kN 
Base Roll Moment - X -100 1.700 2.630 370.000 kN·m 
Base Pitching Moment - Y 5.680 33.000 109.000 270.000 kN·m 
Tower base Yaw moment - Z - - - - kN·m 
Period - - 75 35 s 
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4.6 LOADS CASES 
 
Here different load cases are presented: the most representative. They are the same 
design situations as the wind cases previously stated. Here the forces are summed 
showing the total strength the structure has to resist. 
The table has the same structure DNV proposes in DNV =S-J101_2009-11 page 44. 
This guaranties it is in concordance with ISO/IEC 17020 and ISO/IEC 17025 rules 
and thus a proper procedure to calculate loads. 
 
Forces are separated in two different sections, the red and the yellow one. It is done 
because when designing the transition piece, they have a different application point. 
 
From the calculated loads, it is decided to use for the rotor, the loads calculated by 
FAST. For the tower the analytical calculated loads. And those forces are summed with 
wave‟s forces: 
 
 
4.6.1 – Load Case 1, Start Up Loads 
 
F on the Rotor F on the Tower WT Weight Total Waves 
 (kN) 180 1,5  181,5 211,97 
 (kN) 1,0 
 
-7.400 -7.399  
 (kN) -1.070 
 
 -1.070  
 (kN·m) 305 69,39  374,39 - 
 (kN·m) 900 
 
 900  
 (kN·m) 30 
 
 30  
 
 
4.6.2 – Load Case 2, Normal Operative Loads 
 
F on the Rotor F on the Tower WT Weight Total Waves 
 (kN) 490 11  501 211,97 
 (kN) 4 
 
-7.400 -7.396  
 (kN) -1.090 
 
 -1.090  
 (kN·m) 1.115 495,76  1.610,76 - 
 (kN·m) -920 
 
 -920  
 (kN·m) 110 
 
 110  
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4.6.3 – Load Case 3, Shut Down Loads 
 
F on the Rotor F on the Tower 
WT 
Weight Total Waves 
 (kN) 1.370 107  1.477 211,97 
 (kN) 1.070 
 
-7.400 -6.330  
 (kN) -1.100 
 
 -1.100  
 (kN·m) 11.015 4.818,53  15.833,53 - 
 (kN·m) 1.850 
 
 1.850  
 (kN·m) 1.700 
 
 1.700  
 
 
4.6.4 – Load Case 4, Extreme Sea State Loads 
 
F on the Rotor F on the Tower 
WT 
Weight Total Waves 
 (kN) 4.020 240,66  4.260,66 211,97 
 (kN) 1.510 
 
-7.400 -5.890  
 (kN) -1.500 
 
 -1.500  
 (kN·m) 225.000 10.830,07  235.830,07 - 
 (kN·m) 34.000 
 
 34.000  
 (kN·m) 27.000 
 
 27.000  
 
 
In these tables the punctual loads caused by gusts are just taken into account for the 
extreme sea state, which is calculated from a maximal predicted wind speed. The 
action of gusts will be measured on the structure when conducting the simulation of 
loads using the FEM software. Wave‟s force is not summed because it will be 
calculated using SeaFEM soft. 
 
 
4.7 HYDROSTATIC PRESSURE 
 
The fact the part of the structure is submerged implies that it is affected by sea water 
hydrostatic pressure. The equation to calculate hydrostatic force is: 
 
 
 
The water depth is 20m, gravity is taken as 9,8m/  and seawater density as 1.025 
kg/ . 
Substituting that parameters in the formula, hydrostatic force at the bottom level is 
200,9 kN. 
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4.8 SECURITY FACTOR 
 
In order to secure the structure can resist the loads without forcing it, and for safety 
reasons, a security factor is defined. These factors will be applied to Ramseries FEM 
software 
 
Table 4.8.1 – Load Factors 
Load Factor 
Set Limit State 
Load Categories 
Permanent 
Load 
Variable 
Function Load 
Environmental 
Load 
Deformation 
Load 
(a) ULS 1,00 1,00 1,35 1,00 
(b) 
ULS for abnormal 
wind load cases 1,00 1,00 1,10 1,00 
235.830,07 
For analysis of the ULS, the set denoted (a) is  used when the characteristic 
environmental load or load effect is established as the 98% quantile in the distribution 
of the annual maximum load or load effect. For analyses of the ULS for abnormal wind 
load cases, the set denoted (b) is used. Set b is only used for the return period of 50 
years of the ESS. 
 
 
4.9 LOADS DIAGRAMS 
 
At this point a prevision of the loads is already done. Waves and sea forces will be 
later on calculated using the Seakeeping FEM software on the actual model. In this 
chapter the whole structure is simplified as if it was a beam to draw the stress‟s 
diagrams. This will allow delimitating which parts suffer more stresses and must be 
thus reinforced. The sizes are taken from actual monopile foundations. Anyway a little 
variation on the pile diameter or its thickness won‟t have a big impact on the diagrams 
shape and values. For a preliminary phase of the project this assumption is right. The 
diagrams are made using Ramseries FEM software.  
 
The beam is tube shaped. Has a diameter of 6m, like the base of the wind turbine; and 
a thickness of 5cm. As seen in previous chapters the monopile is driven 36m into the 
soil. The distance between soil and the surface is 20m. Over water the transition piece 
has a length of 8m. These distances are pointed in the diagrams as reference. The 
foundation is represented by springs. Characteristics of those can be found in chapter 
8. 
 
The load case considered is 4.6.4 – Extreme Sea State Loads. All diagrams have the 
same structure. For that reason it is decided to only represent the most severe 
predicted load case. 
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All loads are referred to the monopile foundation structure. It is assumed the 
manufacturer of the wind turbine has done the pertinent calculus to assure its 
security. 
 
4.9.1 FORCES DIAGRAMS 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 4.9.1 – Axial Force Diagram 
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Ill. 4.9.2 – Shear Force Diagram 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 4.9.3 – Shear Force Diagram 
 
 
4.9.2 Momentum Diagrams 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 4.9.4 – Torsor Momentum Diagram 
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Ill. 4.9.5 – Y Momentum Diagram 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 4.9.6 – Z Momentum Diagram 
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4.9.3 STRESSES DIAGRAMS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 4.9.7 – Txy Stresses Diagram 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 4.9.8 – Txz Stresses Diagram 
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Ill. 4.9.8 – Von Mises Stresses Diagram  
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5. Grouted Connection 
 
Ill. 5.1 – General Wind Turbine Scheme 
 
The pre-fabricated transition piece is usually embracing the pile, although the 
opposite is possible, but impractical for mounting external equipment such as ladder 
and cables. Additionally, the tolerances that occur during pile driving or drilling are 
accounted for during transition piece installation, which ensures adjustment of both 
horizontal and vertical inaccuracies. Adjustment of verticality is done by e.g. a pump 
connected to hydraulic adjustment cylinders mounted on the inside of the transition 
piece. The grout is pumped through flexible hoses or by hand pumping into the 
annuli and trapped at the bottom of the transition piece by specially developed rubber 
seals, mounted on the inside of the transition piece. 
 
The union between the grout and the steel cannot exclusively depend on grout‟s 
adherence to steel. Connectors must be used to guarantee steel and grout work 
together and they transmit each other longitudinal shear forces. 
The quantity and distribution of connectors depends on the resistant capacity of them. 
A structural analysis must be conducted.  
 
The shear keys in illustrations 5.3 and 5.4 are usually formed as steel rings and 
attached by means of welding. They are welded to the inner wall of the transition 
piece and the outer wall of the pile to obtain the shear resistance in the connection 
more efficiently. However, a major disadvantage in applying these is introduction of 
stress concentrations around the weld beads that become critical areas when 
considering lifetime estimation of the structure. Consequently, the dimensions, the 
positions and the amount of these should be well chosen as the lifetime of the  
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structure can be significantly reduced. Due to this fact, is preferred in this project to 
use shear connectors. 
The normative used to calculate the number of shear connectors is RPX-95 published 
by Ministerio de Obras Públicas, Transporte y Medio Ambiente, Secretaría de Estado 
de Política Territorial y Obras Públicas, Dirección General de Carreteras. 
 
 
5.1 ABOUT THE SHEAR CONNECTORS 
 
- Their height once welded must be at least 3 times larger than its nominal diameter. 
-  The shear connector‟s head must be at least 1,5 times larger than the shank‟s 
diameter. 
- The shear‟s connector‟s head must be at least 0,4 times bigger that the shank‟s 
diameter. 
- The space between shear connectors must be at least: 
 In the direction to the strain 5 times the diameter. 
 In a perpendicular direction to the strain 4 times the diameter 
- Connectors cannot be closer to the edge less than 25mm. 
- The maximal distance between shear connectors is limited to the smallest of this 
restrictions: 
a) 800 mm 
b) 6 times the thickness of the grout 
- Nominal diameter of shear connectors will not be larger than 2,5 times the 
thickness of the sheet they are welded to. 
 
 
5.2 SHEAR CONNECTORS RESISTANCE  
 
The shear strength a shear connector can handle will be the lower of the following 
two expressions: 
 
 
 
where 
=  
 = security factor, of value 100 
 
These expressions are valid for smaller shanks than 22 mm. 
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Ill 5.2 - Shear Connector Measures  
 
The necessary quantity n of shear connectors is determined by the following 
expression: 
 
 
 
5.3 THE GROUT 
 
The grout used is produced by ITW DENSIT supplies. Their grouts are used in the 
construction of wind turbines among many other areas of application. The chosen 
grout is the Ducorit D4. It is the grout they offer with the best mechanical properties.  
 
Table 5.3 – Ducorit D4 Mechanic Characteristics 
Characteristics Ducorit ® D4 
Compressive strength 210 MPa 
Tension strength 10 MPa 
Modulus of elasticity 70 GPa 
Density 2.740  
Poisson‟s ratio 0.19 
Static coefficient of friction (Grout-Steel) 0.6 
 
 
5.4 THE SHEAR CONNECTORS 
 
The ones used as reference are the manufactured by Suministros Dobra S.L. They are 
made according to norm ISO 13918:2008. 
The grout layer has a thickness of 125 mm. This limits the maximal length of the 
shear connectors. The sizes of the used shear connectors are as follow: 
         
  Table 5.4.1 – Shear Connector‟s Sizes 
  
 
 
 
 
 
 
 
 
 
  
L 50 mm 
D 15 mm 
HT 15mm 
HD 75 mm 
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Table 5.4.2 - Mechanic Properties of the Shear Connectors 
 
 
 
 
 
5.5 SHEAR CONNECTOR‟S LOADS 
 
The load the shear connectors must transmit is the weight of the wind turbine, the 
weight of the transition piece and the forces the rotor causes downwards. The 
transition piece is not yet designed and thus its weight has to be assumed. This value is 
taken from Horns Rev 2 Offshore Windfarm. A transition piece of one of those 
offshore wind turbines is weighted 170 ton. The maximal load the rotor can produce 
downwards  is at extreme sea conditions.  
 
- Wind Turbine weight: 7.400 kN 
- Transition Piece weight: 1.667,7 kN 
- Maximal Rotor load: 1.500 kN 
 
 = 10.567,7 kN 
 
 
5.6 CALCULATION 
 
To calculated the maximal force each shear connector can handle, formulas a and b as 
descrived in section 5.2 are used. The results and values used are here shown: 
 
 
 
Values used: 
 
 = shear strength of the shear connector   h = 0,05 m 
= 350 MPa        α = 1  
 = 10 MPa         = 100 
 = 70 GPa 
 
The (a) equation gives a smaller value. For safety reasons this is the one to use. 
 
Number of shear connectors: 
 
 
 
This is the minimum quantity of shear connectors that must be placed on the 
transition piece and in the foundation pile. 
Stress–strain Resistance Elastic Limit Tensile Strain 
  ε ≥ 15% 
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Ill. 5.3 - Installed Shear 
Connectors 
Ill. 5.4 – Spacing between Shear Connectors  
5.7 DISTRIBUTION 
 
The first layer of shear connectors is placed 
at 50 mm down the grout-steel union.  The 
distance between shear connectors will 6 
times the shank‟s diameter, of 90 mm.  The 
inner diameter of the transition piece is 
estimated to be 5,9 m. Therefore the inner 
diameter of the transition piece is 18,5 m. 
Placing each 90 mm a shear connector, that 
is 205 shear connectors per line. In total to 
distribute all shear connectors are needed 
104 rows. The total distance from the first 
row to the last then is 9,4 m. Summing the 
distance of 50mm from the edge of the 
union to the first row both at tips that is a 
total distance of 9,5 m of grout. 
 
To compare that result, the general building recommendations from ITW DENSIT can 
be used. It is stated that the layer of grout should have a length of about 1,2 to 1,8 
times the outer diameter of the pile. A value in the middle of that recommendation is 
1,618. The outer pile diameter can be assumed to be 5,65 m. That gives as result a 
grout layer length of 9,14 m. 
 
Both procedures result in a similar value. To round up the results and as a security 
measure the grout layer will have a length of 10 m. With that sizes the weight of the 
whole grout is of 348 ton. 
 
Distribution Overview: 
 
Table 5.7 – Spacing between Shear Connectors 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
L 10 m 
S 90 mm 
E 50 mm 
h 50 mm 
 125 mm 
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5.8 THE VIRTUAL GROUT MODEL 
 
 
Here a perspective of the grouted zone can be seen in illustration 5.5. On the grout the 
transition piece is mounted and joint this way the transition piece to the monopile. As 
a reference, soil level is situated at second circle counting from the lowest up. 
Seawater level is almost were the grout ends. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Ill. 5.5 – Grout overview over the general model  
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Ill. 6.1 - Transition pieces on the 
quay at Bladt Industries, Denmark 
Ill. 6.2 - Inner view of the transition piece 
from the third platform of a wind turbine at 
Greater Gabbard Offshore Windfarm, UK  
 
6. The Transition Piece 
 
Because of the bulrush method the monopile cannot have a flange on top for the 
tower to be mounted on. It would simply be damaged. And more importantly, the 
method does not guarantee a leveling of the monopile within the normal margins of 
0.5 degrees tilt. It is too difficult to keep it perfectly straight when hammering it into 
the soil 
In the main, the transition piece has the function of 
adding a perfect flange on top, leveling the transition 
to the tower, and not least providing the whole 
structure with a boat landing, stairs and a working 
platform. 
At the same time, however, the transition piece 
represents the main weakness of the monopile 
concept. The transition piece is connected to the 
monopile using cement or grout. A solid filling is 
needed to transfer all loads and forces from the wind 
turbine tower through the transition piece down to 
the support structure. 
And as the tower rocks and vibrates over the years due to the dynamic loads from 
wind and waves, the grouting crumbles. In many cases, owners have to refill with 
new grout.  
The purpose of this project is to design the structure. For that reason complements 
such as the platform, cables or the ladder are not taken into account. 
 
 
6.1 STRUCTURE 
 
The transition piece is basically a cylinder. 
The structural shape does not offer much 
space for innovation neither for variations. 
It has been modeled after existing designs. 
Normally the transition piece extends 
between 4 up to 12 meters above sea level. 
The access platform is not designed because 
it is not a structural part of it. For the same 
reason neither the access ladder, tubes, 
cables and other accessories are not 
included in the design. 
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Due to the fact that not much information is available for the general public and most 
of it must be obtained from promotional videos, the design is pretty simple. Avoiding 
the design of auxiliary items and equipment allows keeping the design as real as the 
situation allows to. It is considered it is made with an standard steel with Young‟s 
modulus of 210 GPa, Poisson modulus of 0,33 and a density of 7850 kg/ . The 
weight of the transition piece is 410 ton. The reinforcements would be made with 
grout placed over thin steel shells. To simplify the virtual model it is assumed the 
anulli reinforcements are as well made out of steel. 
 
The transition piece has been modeled as well as the whole model using CAD drawing 
software. Here are pictures of it displayed: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 6.3 – Modelled Transition Piece 
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Vertical lines are just part of the virtual design. The lower and bigger part of the 
transition piece is the part that is grouted to the pile. The divisions on the upper half 
of the transition piece mark where the inner reinforcements of the transition piece are 
installed. On picture 6.4 the reinforcements are displayed. As a clarification on 
picture 6.5 the annuli reinforcements are drawn as they are placed in the transition 
piece.  
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Ill. 6.5 – Reinforcements seen within the 
structure 
Ill. 6.4 – Annulli Reinforcements 
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6.2 DIMENSIONS 
To dimension the structure dimensions from 
existing transition pieces have been taken as 
reference. The design is quite simple: a cylinder 
with annuli reinforcements inner sides that also 
serve as working platform. Since they are made 
out of welded smaller cylinders, the sections of 
the transition piece that are at the lower part are 
thinner because they don‟t suffer as much 
tension as do their upper partners. This is done 
in order to save material and weight. 
As reference, the flotation line is located at the 
intersection where the grout starts.  
The Transition Piece has a thickness of 50 mm. 
The outer diameter is 6 m and the inner 
diameter of the transition piece is 5,9 m. The 
length is 16 m. The lower 10 m are grouted to 
the pile and the upper 6 m are over water level. 
The distance between the anulli reinforcements 
is 2 m. The diameter of the reinforcements is 5,9 
m and the diameter of the hollow inner disc is 2 
m. The thickness of the reinforcements is 50 
mm. 
 
 
 
  
 
 
 
 
 
 
  
Ill. 6.3 - Installed Transition 
Piece manufactured by 
Vattenfall 
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7. The Monopile 
 
 
The monopile is steel cylinder. As with the 
transition piece, it has been considered it is 
made of standard steel. Since it is closer to the 
soil it does not suffer as much bending stress as 
the transition piece or the wind turbine. The 
main resistance problem is driving it into the 
ground. This will be explained in the following 
chapter to have a better understanding of the 
process. 
 
To protect it against corrosion zinc anodes and 
protective paint is used. 
 
 
 
 
 
7.1 MONOPILE INSTALLATION 
 
 
 
The installation starts with the placing of a filter layer to avoid scour occurring 
around the Monopile immediately after driving of the pile. The foundation sections 
are loaded in sets on the installation jack-up barge, which normally is also the main 
installation vessel. Upon arrival in the offshore field area the jack-up has positioned  
Ill. 7.1 – Just Manufactured 
Monopile by Ballast Nedam 
Ill. 7.2 – General sequence of installation  
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itself by use of 4 point mooring system within 1 m of the designated installation spot 
of a foundation. A project specific build pile guidance system covers the positioning 
misalignment of the sea jack and to cover minimum allowable installation tolerances 
offshore. 
 
After up-ending of the monopile from horizontal to vertical position and placing same 
in the guiding system the monopiles are driven into the seabed by means of hydraulic 
hammers to predefined installation depth. If soil is conformed by rocks drilling is 
necessary.  
 
 
7.2 PILE MODEL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 7.3 – Pile overview 
within the structure 
Ill. 7.4 – The Pile 
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Ill. 7.5 – Structure Side View Ill. 7.6 – Structure Front View 
 
In illustration 7.4 the pile is divided into 2 parts. The blue one is the part that is driven 
into the soil and serves as foundation. The grey part is submerged, and the upper half 
is grouted with the transition piece. 
 
 
7.3 GENERAL SIZES OVERVIEW 
 
The monopile has an overall length of 56 m. 36 m of the pile are driven into the soil. 
The remaining 20 m cover the distance from seabed level up to surface. The pile has a 
diameter of 5,6 m. It is considered it is made with an standard steel with Young‟s 
modulus of 210 GPa, Poisson modulus of 0,33 and a density of 7850 kg/ . Its 
weight is 385 ton. 
 
As a reminder and to make clear the overall sizes of the whole structure here are two 
illustrations displayed: 
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Table  7.1 – General Monopile Sizes 
Reference Description Distance 
 Transition Piece Length 16 m 
 Grout Length 10 m 
 Pile Length 56 m 
 Average Transition Piece Thickness 50 mm 
 Grout Thickness 125 mm 
 Pile Thickness 50 mm 
 Transition Piece Diameter 6 m 
 Grout Diameter 5,9 m 
 Pile Diameter 5,65 m 
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Ill. 8.1 – Basic 
Scheme 
8. Foundation 
 
 
The monopile foundation is a simple construction. The 
foundation consists of a steel pile with a diameter of between 
3.5 and 6 meters. The pile is driven some 20 to 40 meters into 
the seabed depending on the type of underground. The mono 
pile foundation is effectively extending the turbine tower under 
water and into the seabed. 
An important advantage of this foundation is that no 
preparations of the seabed are necessary. On the other hand, it 
requires heavy duty piling equipment, and the foundation type 
is not suitable for locations with many large boulders in the 
seabed. If a large boulder is encountered during piling, it is 
possible to drill down to the boulder and blast it with explosives. 
 
As seen in chapter 3 the soil is formed by medium to coarse 
sand, sand with clay, with pebbles, some shells and other 
sediments. For this reason it is assumed the soil is conformed 
uniformly by medium dense sand. The sand is then wet and 
packed and its density is   
 
The maximum load that can be sustained by foundation 
elements due to the bearing capacity is a function of the 
cohesion and friction angle of bearing soils as well as the shape 
of the foundation.  
 
 
The greater the pile is driven the more resistant it will be against the weather loads. 
NREL suggests the 5MW offshore monopile wind turbine foundation should have a 
penetration into sandy soils of 36 meters to minimize pile head deflections under 
ultimate loading conditions. This is the depth that will be considered from now on at 
which the monopile will be driven.  
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8.1 AXIAL PILE RESISTANCE 
 
There are two forces that form the axial resistance, the soil friction with the pile and 
the pressure of the soil on the pile. 
 
Unit skin friction, : 
 
 
 
 
The unit end resistance of plugged piles in cohesionless soils can be taken as:  
 
 
Following table states the parameters above descrived formulas need: 
 
Table 8.1 – Design parameters for axial resistance of driven piles in cohesionless soils 
Density Soil Description δ  (degrees) (kPa) (-) (MPa) 
Medium Dense Sand Sand-Silt 25 81 20 4,8 
 
 
8.2 PILE LATERAL RESISTANCE 
 
The ultimate lateral resistance per unit length  of sand has been found to vary from 
a value at shallow depths determined by Eq. (a) following to a value at greater depth 
determined by Eq. (b) following. At a given depth the equation giving the smallest 
value of should be used as the ultimate resistance: 
 
 
 
 
The lateral soil resistance-deflection relationship for piles in sand are also non-linear 
and in absence of more definitive information they may be approximated at any 
specific depth X by the following expression: 
 
 
 
The following two graphics describe parameters the above formulas need to calculate 
the lateral resistance of soil an its deflection. 
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For sandy soils the relationship force-displacement can be assumed to behave as a 
spring with a constant: 
 
 
 
The displacement of a spring is calculated using the Hooke‟s law of elasticity: 
 
 
Ill. 8.2.2 – Lateral Pile Resistance Coefficients  
Ill. 8.2.1 - Initial modulus of subgrade reaction 
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8.3 CALCULATION 
 
 First of all some parameters must be calculated for solving the resistance equations: 
 
The overburden pressure is the pressure or stress imposed on a layer of soil or rock by 
the weight of overlying material. The overburden pressure at a depth z is given by 
 
 
The pile is driven 36 meters below soil surface. Over the soil level there is 20 meters 
of sea water until the surface. This water compresses the soil and thus must be taken 
into account. 
 
Sea water pressure:  
Soil pressure:   
Overburden pressure at pile‟s tip: 906.500 Pa 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 3.3.1 - A GE offshore wind turbine being tested 
 
  
Design and Calculus of the Foundation Structure of an Offshore Monopile Wind Turbine  
 
 60 
 
 
8.3.1 THE AXIAL LOAD 
 
Unit skin friction:             
 
 
 
 
Unit end resistance:             
 
 
 
 
The values calculated are greater than the maximal recommended by DNV 
classification notes 30.4. For that reason the limiting value will be used. 
 
 
The total axial resistance is: 
 
 
 
The weight of the wind turbine is 7.400 kN. The weight of the transition piece, grout 
and the pile is 11.300 kN. 
The diameter of the pile is about 5,65 m and therefore its area is 25,07 . The 
pressure the structure‟s weight produces is: 
 
 
 
 
 
The soil can resist the weight of the structure. A 36 meters length pile is enough to 
handle with the structure‟s weight. 
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8.3.2 THE LATERAL RESISTANCE:         
    
 
 
 
The deep ultimate lateral resistance gives a smaller value and therefore is the value to 
use. 
 
 
 
 
 
The load at extreme sea state the wind turbine would suffer in a return period of 50 
years is predicted to be:  
 
 
The force divided along the pile is: 
 
 
The momentus applies a force on the pile of: 
 
 
 
At an extreme severe weather conditions the soil can handle with those loads. The soil 
can resist up to  which is quite more than the applied forces. Must be 
taken into account that wave caused loads are not accounted here. Since there is 
enough left out of resistance it is considered enough for a preliminary design phase of 
the foundation. 
 
At normal operative conditions the force the soil has to resist is 
 
 
 
 
 
The pile will not suffer a great deflection in the ESS loadcase since the soil can handle 
with that load. 
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Ill. 8.3.1 – Constrained 
Pile Surface by the Soil 
Spring 
8.3.3 SOIL SPRING 
 
The underground part of the pile is assumed to interact with the 
soil as if it was a spring. This spring is represented to be just in the 
middle of the length of the underground driven pile. That is 18 m 
below soil surface. The K constant, calculated as described in 
section 8.2, of the spring will be divided by half the surface of the 
underground pile. The major load is applied only in one axis and 
thus only the half of the pile that is facing the direction of the force 
is providing a resistance force against movement of the pile. The 
reason to do that is to apply the spring reaction to the surface of the 
pile instead of applying it to single points. 
 
The applied load is the maximal predicted for a return period of 
50 years and actuating only in the x axis.  
 
. It is assumed each part of the pile receives 
the same load. The momentum is divided per the length of the pile to have a force to 
apply to the spring. The force on the spring, , is: 
 
 
 
 
Table 8.2 – Soil Reaction Parameters under Extreme Severe conditions 
 (kN) X (m) K (kN/m) y (mm) p (kN/m) 
19.750,70 18 1.944.000 10,15 4.022,81 
 
 
All above showed data is calculated using the previously described formulas. 
 
At normal operative conditions, the wind turbine receives a force of 
. The force the pile then had to resist would be: 
 
 
 
Table 8.3 – Soil Reaction Parameters under Normal Operative conditions 
 (kN) X (m) K (kN/m) y (mm) p (kN/m) 
713,0 18 1.944.000 0,36 145,23 
 
In normal operative conditions the pile would remain in its place. Deformation of the 
soil can be ignored. 
 
As calculated here, a 36m length pile is enough to support the 5MW wind turbine. 
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9 Loads Analysis 
 
Finally it is time to check how the structure reacts to the applied forces. The structure 
is analysed using the FEM based software Ramseries. The wave loads are modelled 
using using SeaFEM soft. In SeaFEM one defines a wave by its parameters and then can 
save the loads it originates. Then the wave loads are imported into Ramseries soft and 
are put together with the other loads produced by the wind turbine. The load cases 
here detailed correspond to the ones explained in chapter 4. 
 
The results here presented are the structure deformation and stresses. For the steel 
structure part the stress criteria used is the von Mises stress. And for the grout part the 
Tresca criterion. Only one side view of the structure is given because since it is a 
symmetric shaped structure and hence more views of it do not give more information. 
The results are presented as DNV recommends to: analyzing each element under the 
defined load cases. 
 
The applied forces are dynamic. Vary with the time. As presented in chapter 4 wind 
forces have a determined period determined by FAST soft and are sinusoidal shaped. 
Waves follow also the described parameters in chapter 4. The presented results are the 
combination of both wind and waves force. Both forces are applied in such a way that 
the maximal wave force and the maximal wind force take place simultaneously and 
both forces are applied in the x axis direction. The presented results in pictures show 
the maximal stress state the piece suffer. 
 
To understand better the results and to have a wider perspective of the stresses on the 
structure, first of all an image of the modelled waves is presented. That is 3 takes of 
each wave model. Those pictures allow seeing how the wave advances toward the 
structure and then contrast in the following chapter the loads it causes on the 
submerged part of the monopile.  
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9.1 ANALYSIS INFORMATION 
 
The purpose of this section is to show under which configurations of the finite 
elements method soft the loads analysis has been done.  
 
Table 9.1 – Meshing Paramenters 
Model Mesh Max. Size Nodes Triangles Tetrahedra 
SeaFEM 3 m 120.586 55.952 631.784 
Ramseries 0,3 m 31.221 62.934 24.334 
 
Nodes, triangles and tetrahedral refers to the number of them created when meshing 
the model to analyse it. In the SeaFEM model the size of the mesh of the structure is 
0,3 m with a smooth transition of 0,1 m to bigger elements. 
The SeaFEM model is much bigger because it includes the surrounding area of the 
monopile: the sea. The size of the modelled sea water is the 20 m water depth and a 
radius of 120 m around the structure.  
 
 
  
Ill. 9.1 – Monopile Wind Turbine Basic Loads  
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9.2 WAVES SIMULATION 
 
Table 9.2 – Simulated Waves Comparison 
Average Wave Extreme Sea State Wave 
  
  
  
 
 
Waves parameters can be seen in section 4.3. The pictures show the two different 
simulated waves at the same instants: with wave‟s crest, normal sea level and wave‟s 
trough at the monopile position (the little point in the middle of the surface). 
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9.3 WAVE‟S PRESSURE ON THE TRANSITION PIECE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 9.3.1 – ESS wave minimal pressure on the structure 
Ill. 9.3.2 – ESS wave maximal pressure on the structure 
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Ill. 9.3.1 – Average wave‟s  maximal pressure on the structure 
Ill. 9.3.1 – Average wave‟s  minimal pressure on the structure 
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9.4 STRESS VERIFICATION ON THE MONOPILE 
 
9.4.1 LOAD CASE 1: START UP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9.4.2 LOAD CASE 2: NORMAL OPERATIVE CONDITIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 9.4.2 – Von Mises maximal stress state on the pile in Load Case 2  
 
Ill. 9.4.1 – Von Mises maximal stress state on the pile in Load Case 1  
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9.5.3 LOAD CASE 3: SHUT DOWN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4.4 LOAD CASE 4: EXTREME SEA STATE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 9.4.3 – Von Mises maximal stress state on the pile in Load Case 3  
 
Ill. 9.4.4 – Von Mises maximal stress state on the pile in Load Case 4  
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9.5 STRESS VERIFICATION ON THE TRANSITION PIECE 
 
9.5.1 LOAD CASE 1: START UP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Ill. 9.4.2 – Von Mises maximal stress state on the Transition Piece in Load Case 1  
 
Ill. 9.5.2 – Von Mises maximal stress state on the Transition Piece in Load Case 2  
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9.5.1 LOAD CASE 2: NORMAL OPERATIVE CONDITIONS 
 
9.5.3 LOAD CASE 3: SHUT DOWN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9.5.4 LOAD CASE 4: EXTREME SEA STATE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 9.5.4 – Von Mises maximal stress state on the Transition Piece in Load Case 4  
 
Ill. 9.5.3 – Von Mises maximal stress state on the Transition Piece in Load Case 3  
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9.6 STRESS VERIFICATION ON THE ANULLI REINFORCEMENTS 
 
9.6.1 LOAD CASE 1: START UP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9.6.2 LOAD CASE 2: NORMAL OPERATIVE CONDITIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 9.6.1 – Von Mises maximal stress state on the Reinforcements in Load Case 1  
 
Ill. 9.6.2 – Von Mises maximal stress state on the Reinforcements in Load Case 2  
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9.6.3 LOAD CASE 3: SHUT DOWN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9.6.4 LOAD CASE 4: EXTREME SEA STATE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Ill. 9.6.4 – Von Mises maximal stress state on the Reinforcements in Load Case 4  
 
Ill. 9.6.3 – Von Mises maximal stress state on the Reinforcements in Load Case 3  
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9.7 STRESS VERIFICATION ON THE GROUT 
 
9.7.1 LOAD CASE 1: START UP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9.7.2 LOAD CASE 2: NORMAL OPERATIVE CONDITIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 9.7.2 – Tresca maximal stress state on the Grout in Load Case 2  
 
Ill. 9.7.1 – Tresca maximal stress state on the Grout in Load Case 
1 
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9.7.3 LOAD CASE 3: SHUT DOWN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9.7.4 LOAD CASE 4: EXTREME SEA STATE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 9.7.1 – Tresca maximal stress state on the Grout in Load Case 3  
 
Ill. 9.7.1 – Tresca maximal stress state on the Grout in Load Case 4  
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9.8 STRUCTURE DEFORMATION 
 
9.8.1 LOAD CASE 1: START UP 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9.8.2 LOAD CASE 2: NORMAL OPERATIVE CONDITIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Ill. 9.8.1 – General strucuture deformation in Load Case 1  
 
Ill. 9.8.2 – General strucuture deformation in Load Case 2  
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9.8.3 LOAD CASE 3: SHUT DOWN 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
9.8.4 LOAD CASE 4: EXTREME SEA STATE 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Ill. 9.8.3 – General strucuture deformation in Load Case 3  
 
Ill. 9.8.4 – General strucuture deformation in Load Case 4  
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9.9 RESULTS INTERPRETATION 
 
None of the parts of the structure suffers more stresses than DNV allows to. As a 
reminder, all loads are applied with a safety factor as presented in table 4.8.1. and the 
analysis is dynamic. Anyway local reinforcements could be installed inside like T 
shaped beams and reduce the thickness of the structure. But that is more of an 
economic decision and thus is not here developed. Another measure that could be 
taken is to build the transition piece a little conically shaped to make it more resistant 
to stresses and deformation. But that increases production cost and was preferred to 
keep it here in the final degree project as simple as possible. 
 
 
9.9.1 The Monopile 
 
The top zone of the pile does not suffer much stresses because is in contact with the 
grout and the transition piece and thus forces are distributed over major areas. The 
major stresses are produced in the sides of the pile, that is the y axis. That is due to a 
simplification when modelling the foundation. Actually when installed the monopile 
would be filled inside with sand and that would actuate as an elastic constrain like the 
one defined but less resistant. But when representing the pile contact with the soil it is 
modelled as a spring and only the frontal half of the pile is constrained as detailed in 
chapter 8. In that line were the constrain begins the stresses accumulate. 
 
Since cannot be predicted accurately how much force the soil inside the pile would 
handle it is omitted. The rear half of the monopile structure is then modelled as if it 
was not in contact with the soil. If taken into account the overall deformation of the 
pile would also be reduced. 
 
 
9.9.2 The Transition Piece 
 
On the top of the transition piece punctual stresses accumulate. This is produced 
because the momentums are applied in 20 different point distributed equally over the 
perimeter. In a real case that forces would be equally distributed over the surface. The 
major stresses that occur in the lower half are due to the zone were wave loads is 
applied. In comparison with wind forces, waves force is bigger. 
 
Stresses are major on the sides, the y axis direction. This is due because at the sides the 
structure is working under traction stresses and in the x axis direction the structure 
works under compression stresses. On the fourth load case can be seen that the 
transition piece works under a much more equally distributed stresses but still 
working below its maximal limit. This situation is caused by the torsion momentums. 
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9.9.3 The Annuli Reinforcements 
 
The annuli reinforcements could be thinner and smaller. The reason why they were 
left with that size is because they serve as inner working platform to conduct 
maintenance and other tasks as can be seen in illustration 6.2 
 
The only situation under which they may proof useful is giving the transition piece 
more resistance against deformation and stresses caused by waves at a storm situation. 
 
Depending on installation costs, it would be more beneficial to reduce deformation 
and stresses the use of vertical T beams 
 
 
9.9.4 The Grout 
 
The grout area could be shortened as results show. The reason it is preferred to leave it 
as it has been modelled is because it has been discovered grout is slowly dissolved into 
seawater. Later empty spaces must be again refilled and need some maintenance. It is 
safer to make sure there is enough grout to connect the transition piece to the pile and 
no fail will occur. How fast grout ages and how fast has the grout to be refilled must 
be answered in other project. 
 
The grout could still resist more loads and hence its thickness be reduced but already 
the minimal thickness is here used. This distance between layers cannot be reduced 
because there must be enough room for the shear connectors. 
 
 
The transition piece and the pile could be thinner and still resist the loads. The 
counterpart of that decision is that then the monopile would suffer bigger 
deformations, which is something to avoid. 
 
 
9.9.5 Structure Deformation 
 
Under extreme sea state the monopile tip is moved 21 cm from its original position. 
Despite could seem to be a big distance, compared to the overall length of the 
structure, 62 m, it is not a great deformation. 
 
The frontal side of the structure does not displaces itself as much as the rear side 
because it is working under compression forces. This is seen in illustration 9.8.4 of the 
fourth load case. Under the other load cases the deformations are more uniform since 
the applied forces are not as big as they are in load case 4.  
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9.9.1 WIND TURBINE INCLINATION 
 
A check that must be done is the total displacement and angle that would form the 
wind turbine under forces of Load Case 4. For that task it is assumed that the 
deformation of 2122 mm is with respect of the central axis of the structure. The total 
length of the structure is  
 
That displacement forms an angle of 0.196º. The height of the rotor of the wind 
turbine is 90 meters from sea surface level.  The distance from water level to the 
bottom of the foundation structure is 56 meters. A total inclination of 0.196º of the 
146 meters long forms a total displacement of the central vertical axis of the wind 
turbine at rotor level of 4997 mm. 
 
In addition the tower of the wind turbine will suffer some deformation when exposed 
to such loads. The wind turbine manufacturer should determine whether the wind 
turbine structure can handle that deformation and loads and resist to it without 
suffering damage. 
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10. Conclusions 
 
To accomplish the main objective of this project many tasks of different nature were to 
be done. That was the most difficult part, to contrast all the information from different 
sources and decide which sources of information use. For example the use of DNV 
normative together with the deep foundations normative of the Spanish Ministry of 
Public Works (Ministerio de Fomento). 
 
To determine the strength of the structure an analytic model does not fulfill the 
requirements because they do not offer an enough accurate result. The only limitation 
is how precisely wants one to define the virtual model. That is why different 
informatics tools were used: FAST, Ramseries and SeaFEM. The outputs they generate 
as a result of the calculus are realistic and accurate. That is why analytical calculus is 
only used as a primary reference of the loads on the structure and to determine the 
length of the grouted zone. Must be said that general recommendations when 
dimensioning the structure are already published but it was preferred to check that 
recommendations in several tests not published here. One of the few sources of 
information about structure thickness is Horns Rev 2 web site. 
 
The results when calculating the thickness of the structure are in the same range of 
nowadays being built ones. That demonstrates the feasibility and validity of the use of 
those softwares and thus the results here shown. The only counterpart is that some 
simplifications had to be done in the design of the structure because the used 
computer could not handle models that were more sophisticated. One of those 
simplifications is the leave out of the access platform and the access ladder.  As a 
reference for the reader, the calculus of stresses on the monopile structure took 220 
minutes. Since an infinite amount of time was not available it was not possible to carry 
out many tests.  
 
The only regret I have in this project is that the results of the project could not be 
contrasted with a company of this sector that could verify them. Anyway the 
presented results offer a good perspective.  
 
The monopile deformation under the heaviest load conditions could be greater if the 
wind turbine tower structure could handle it. If that was possible then the overall 
thickness of the structure would be reduced and would result in a cheaper 
construction structure. Since that could not be contrasted it was preferred to design 
the structure as robust as possible to minimize deformation. Also when installing the 
pile it suffers stresses from the hammering process to drive it into soil. Due to lack of 
information that test was not carried out in this project. 
 
Finally the objective of the final degree project is accomplished. A foundation 
structure of the monopile type is designed and calculated to resist the loads that would 
suffer in its emplacement site. 
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